ABSTRACT With the massive interest in electric vehicle technology, all different types of vehicles are moving toward green awareness, including the motorcycle. As time progresses, the investigations on the motorcycle developed to an even more complex model as the model need to be able to include the dynamics of the motorcycle at high speed. Relatively, few works of the literature found on an electric motorcycle (MC) modeling. Therefore, this paper aims to develop an E-MC model that represents a realistic model of the motorcycle with both kinematics and dynamics of the motorcycle incorporated in the model. The developed model is then tested for the speed tracking and the range travelled to evaluate the performance. Two different driving cycles that commonly applied in the commercial motorcycle evaluation test are used as the driving profiles in the simulation, namely, the Worldwide Motorcycle Test Cycle and New European Driving Cycle profiles. The results show an evident ability for the developed model of the E-MC to track the speed profile. It is also noted that the distance travelled by the E-MC model can be effectively determined.
I. INTRODUCTION
Presently, the evolution of the transportation industry shows an increasing electrification trend by providing the exposure of new electrical safety concept with increasing vehicle performance and improving comfort to passengers [1] . The electric vehicle (EV) technology is regarded as one of the potential solutions to the reduction of air pollution emission [2] . The government of Malaysia had recently initiated the Fleet Test Vehicle (FTV) Programme, under the Ministry of Energy, Green Technology and Water (KeTTHA), to focus on revitalizing the green technology infrastructure, and promoting the electric vehicle with projection to achieve 15% EV usage in Malaysia by the year 2020. Since then, progressive initiatives are taken especially in Putrajaya with several EV charging stations are built to support the EV pilot programs. Regardless of any topology of EVs, the prime objective is to satisfy the driver's power demand by managing the power flows and simultaneously satisfying other constraints such as the state of charge (SOC), state
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of energy (SOE) of the energy storage, emission control and drivability [3] , [4] . In the case of two-wheel vehicles such as bicycle and motorcycle, the costs, robustness and dimensions become constraints that hindered the spreading of electronics in replacing their existing mechanical systems [5] . With the advancement of electronic components in the automobile industry, the electronics control techniques for existing motorcycle changes from being limited to the electrical system of specific parts such as lamps, display and etc. to energy management devices, drives, brakes and other subsystems [6] . The transmission management control technique and the braking technique are among features that demand the motorcycle controller to be able to adapt to the dynamic changes with high performance and reliability [7] . Many models describing motorcycle dynamics can be found today. In the simplified motorcycle models, the model is similar to simplified bicycle models which often used to represent either of the two. The simplified motorcycle model or 'basic bicycle model' was based on the Whipple's seminar paper in 1899 [8] . This model tries to describe the stable condition of a bicycle in an upright position when rolling. It is a straightforward model which focus on observing the instability of the bicycle. This model is often used for vehicle control analysis as opposed to a full vehicle model to reduce the model complexity [9] . Concurrent and independent with Whipple's work, Carvallo [10] derived the linearized equations of motion of a free-steering bicycle in a straight-running equilibrium condition.
In the straight-running model, the behavior of motorcycles during the motion depends on the longitudinal forces exchanged between the tires and the road, the aerodynamic forces induced through this motion, and the slope of the road plane if the path is not horizontal. The study highlights certain dynamic aspects that are also important for safety, as the motorcycle's behavior during acceleration with possible wheeling. The cornering situation is considerably more complex than the straight-running case since the in-plane and out-of-plane motions coupled and these integrations tend to increase with roll angle. As a result, some of the straight-running models are merged to form a combined cornering model. Koenen and Pacejka [11] analyzed the stability of a motorcycle corner at large roll angles using an eight degree-of-freedom mathematical model of a single-track vehicle. While Cossalter et al. [12] develop a nonlinear dynamics equation in steady state cornering with the consideration on the lateral and longitudinal slip of the driven wheel. Another study on cornering behavior conducted by Donadio [13] utilizes the work done by Cossalter et al. with an aim to validate the mathematical model using the proposed testing procedure.
As time progresses, the investigations on the motorcycle developed to an even more complex model as the model need to be able to include the dynamics of the motorcycle at high speed. A modern sports motorcycle can achieve the top speed of the order 155 m/s, while a modern sports bicycle might achieve a top speed of approximately 37 m/s [14] . As a result of these large speed differences, the understanding of the primary bicycle model must be extended to cater to the higher speed of the motorcycle. At high speed, the aerodynamic forces are essential and need to be accounted for in the model in order for the model to be relevant to the motorcycle behavioral studies. High-powered machines with stiff frames tend to wobble at high speed. Thus, it is important to consider this phenomenon in the motorcycle model as it should be able to analyze the dynamics of the motorcycle.
In the area of an electric motorcycle, to the best of found knowledge, the paper presented by Lin and Fu [15] is among the earliest literature on the electric motorcycle. Focusing on the city of Taiwan, the dynamic model of the electric motorcycle is developed to design the velocity tracking controller. Another literature on electric motorcycle modeling proposed the slip ratio included in the dynamics model of the system [16] . In the same paper, the slip ratio control is design considering road condition. The author further explores in another paper, the slip ratio influence in their dynamic equation by including the camber angle of the electric motorcycle [17] . Relatively few works of literature found on electric motorcycle modeling besides of some literature on the study of electric motorcycle discussing on the design concept of the electric motorcycle itself [18] - [20] , the optimization of the control board and motor driver in the electric motorcycle system [21] , [22] , the balancing control of the electric motorcycle [23] or the comprehensive economic studies on the ownership of the electric motorcycle [24] .
Nevertheless, this study aims to develop a suitable system model to study the electric motorcycle for speed and range travelled analysis purpose. As the battery is the sole energy supply to drive the electric motorcycle, the need to estimate the travelled distance or range coverage is very important. The range estimation of the electric vehicle is extensively studied mainly in enhancing the range prediction accuracy of the system given their current energy capacity. In the hybrid electric vehicle (HEV), the predictive energy management strategy has been devised as one of the solutions to reduce the power consumption of the HEV system and ultimately resulted to a more range coverage by the system [25] . In the area of the pure electric vehicle, range estimation plays an important role. The limited power supply of the system sparks the motivation to the researcher to accurately predict the range coverage of the vehicle on the single charge. In [26] the gearshift switching strategy is designed as an effort to save the energy of the system which in return can lead to the potential extension of the electric vehicle's range coverage.
Range extender research is not only limited to the optimization of the mechanical strategy, but it also covers on the sophisticated algorithm development by considering a large amount of real-world driving data of the EV system [27] , [28] . Various external factors can potentially affect the driving performance of the EV system such as the driving behavior, weather condition, road and traffic conditions [29] . The range estimation will ease the driver to plan their journey to the nearest vehicle charging station [30] . Therefore, a realistic model of the motorcycle with both kinematics and dynamics of the motorcycle by Vittori [31] is incorporate in the model of the electric motorcycle in this study. In this model, both kinematic and dynamic equations are utilized in order to develop a model that resembles a more realistic motorcycle. The front fork inclination, the movement of suspensions along with the damping system, the consequences of the pneumatic shapes when the motorbike leans, and the analysis of the kinematics of the double swingarm vehicles are among features that incorporated in the kinematic model. Meanwhile, the dynamic model is taking care of the effects of the rotation of the engine and the variable loads on the wheels. The model presented is tested in the real driving situation and thus, suitable to be applied in this study.
The major contributions of the paper are summarized as follows:
1) To formulate a complete and comprehensive model of an electric motorcycle by considering both the kinematics and dynamics of the system. 2) To evaluate the performance of the model with respect to the drive cycle for effectiveness and accuracy in speed tracking and range coverage estimation.
3) To assess the robustness of the model against impulsive disturbance input to the system. The remainder of this paper is organized as follows. In Section II, the electric motorcycle modeling section, the mathematical model serves as the model that governs the main motorcycle body is presented. This section also explores the other electric motorcycle parts such as the monitoring system, battery pack and the electric motor. In Section III, the overview of the simulation setup is explained. Section IV describes the two types of drive cycle test to be implemented in the simulation study. While in Section V, the simulation results of the complete electric motorcycle are presented for impulsive disturbance, speed tracking and range coverage in a single charge analyses. Finally, the paper is concluded with some remark of the work in Section VI.
II. ELECTRIC MOTORCYCLE MODELING
In this study, the mathematical model of an electric motorcycle has been developed. The system architecture of an electric motorcycle is mainly comprised of the body of the motorcycle, energy storage device -the battery, electric motor and monitoring system. One of the important parts of the electric motorcycle is the drive motor. In this study, the BLDC motor is chosen as the driving mechanism. The electrical representation of the motor is described as in equation (1) and the mechanical representation is defined as in equation (2).
where U a , U b , U c are the stator phase voltages, i a , i b , i c are the stator phase currents, e a , e b , e c are the phase back EMF, L is the inductance, R is the rotor resistance, T e is the electromagnetic force, T L is the load torque, J is the moment of inertia, B m is the friction coefficient, ω is the rotor speed and p is the number of pole pairs. Thus, the transfer function of the BLDC motor is given by equation (3).
where ω m is the speed of BLDC motor, U m is the voltage of BLDC motor, R a is the armature resistance, L a is the armature inductance, K e is the back emf constant, K t is the torque constant, B is the viscous friction coefficient and J is the rotor moment of inertia. Another essential part of the electric motorcycle system is the main body frame. The model is governed using both kinematics and dynamics models where the kinematic model is implemented using the model by Limebeer and Sharp [14] . Figure 1 illustrates the geometry of the motorcycle.ẋ 
where x and y are the cartesian coordinates that indicate the motorbike position in the world frame, u is the forward velocity, w is the wheelbase of the motorcycle and is assume a constant with w = 1369 mm, ψ is the orientation angle, ϕ is the leaning angle and δ is the steering angle. To ensure the model can be used to represent the real motorcycle, the rake angle included in equation (6) as in equation (7).
where the rake angle of the motorcycle, γ , at resting condition is at 23.5 • .
To include the dynamic effect of the motorcycle model, the Lagrangian approach is used for the dynamic model. This model aims to capture the main kinetic energy sources in motorcycle namely, the engine, the wheel and the main body frame under leaning and turning condition. The potential energy is neglected. Thus, the kinematic equations above (4)(5) is revised to complete the system equation that represents the dynamic model as the following:
x =θ grR r cos(ψ) (8) y =θ grR r sin(ψ)
θ f =θ grR r cos δr f (10)
where r f is the front wheel radius, gr is the wheel-engine angular speed,θ is the engine angular speed,θ f is the front wheel angular speed,θ r is the rear wheel angular speed and R r is the rear wheel effective radius of the motorcycle in leaning condition. R r is defined as equation (12) with r t is the wheel rim radius and r w is the tyre tube radius.
R r = r t cos(ϕ) + r t cos arcsin( r t r w sin ϕ)
The total kinetic energy considering the leaning and turning effect, linear velocity, front and rear wheel and the engine VOLUME 7, 2019 is therefore defined as equation (13) 
where m is the total mass, m f is the front wheel mass, m r is the rear wheel mass, m m is the mass of the BLDC motor mass,θ m is the engine angular speed, h and b are the coordinates of total mass centre, r r is the rear wheel radius and r m is the radius of the engine's rotating part. Then the governing equations of motion are derived by application of Lagrange's equations in which the derivatives of the kinetic energy are calculated. The equations of the system can be represented in matrix form as in equation (14).
where,
To account for the constraints imposed by the kinematics of the motorcycle and its contact with the ground, a simplified constrain dynamics is adapted. This strategy is the preferred strategy used in bike and motorcycle application as it relies on prior knowledge on the physical effects affecting the vehicle. The reaction forces are applied ideally to the total mass centre of the motorcycle and must be related to ϕ as torques as describes by equation (19) .
where N is the gravitational force, T is the centrifugal force.
Therefore, the complete matrix form can be written as equation (21) 
III. SIMULATION SETUP
The complete electric motorcycle system which consists of the BLDC motor, battery, motorcycle body and monitoring system is developed in Simulink and illustrated in Figure 2 . All the equations that govern the motorcycle body and BLDC motor as described earlier in the modeling section are implemented in the motorcycle body subsystem and the BLDC motor subsystem respectively. As for the battery model, a variety of battery models has been developed due to the extensive research in this area. The battery models can be generally categorized in either electromechanical models or equivalent circuit models. The electromechanical model is suitable for battery design purpose while equivalent circuit models are designed for dynamic and long-run simulation studies. The electrical engineer prefers the equivalent circuit model as they are more intuitive and easier to be incorporated with other circuit devices for circuit design and simulation studies. In the field of EV system integration, control, optimization and interconnection of EVs to the grid, this electrical-circuit equivalent model is well-received [32] . Equivalent circuit models include Simple Battery Model, Thevenin Battery Model and Modified Thevenin Battery Model. In this study, the system applies the modified simple battery model. This model has the same electrical circuit as the simple battery model as depicted in Figure 3 . However, the difference is on the internal resistance of battery where it is a function of the SOC of the battery. Because of this factor, the internal resistance of the battery is varying according to the Equation (22) . Also, the SOC is calculated using Equation (23) . where R 0 is the resistance of the fully charged battery, i is the discharge rate, A is the constant discharge current in amps, h time of discharging in hours and C 10 is 10 hour capacity of the battery in amp-hours. Thanks to the higher energy capacity in a much lighter package, low in self-discharge and good temperature performance, lithium-ion battery is chosen to be used in this study. The parameters in this model can be changed to suit the desired parameters setting. Since in this study, the retrofitted Honda CBR250RR electric motorcycle is selected to be under study, hence, the parameters of the model are set up according to the parameters of this motorcycle model. Table 1 lists the parameters of the electric motorcycle and the parameters of the lithium-ion battery used in the simulation. [33] . This driving data consist of three phases: urban (WMTC Part 1), rural (WMTC Part 2) and motorways (WMTC Part 3) and is more representative of actual on-road driving conditions. Figure 4a shows the WMTC driving cycle with respect to its phases. In this study, the model is tested under the WMTC Part 1 as the scope of the study is focusing on the urban driving condition. For the New European Driving Cycle (NEDC), it consists of UDC (Urban Driving Cycle) in the first part and EUDC (Extra Urban Driving Cycle) in the second part. The UDC is similar to the ECE-15 driving cycle as it is a repetition of an ECE-15 profile by four cycles [19] . In this study, the test only uses the first phase of NEDC since it reflects the urban driving condition as the scope of the study. The NEDC Part 1 spans up to 4.06 km range for the urban trip at an average speed of 18.7 km/h with a maximum speed of 50 km/h. However, this driving cycle has a uniform speed and acceleration and therefore does not represent the real-world condition. Despite this fact, NEDC is applied for vehicle test by the cars and motorcycle manufacturers for certifications. Figure 4b shows the NEDC profile with respect to the phases. The RMSE or the root-mean-squared error between the speed profile of both WMTC and NEDC with the speed of the E-MC model developed is determined in the analysis. RMSE which is the error between the actual output, y(t), and the predicted output,ŷ(t), of the system is defined in equation (24) .
IV. DRIVING CYCLE
RMSE = 1 n n j=1 y j (t) −ŷ j (t) 2(24)
V. RESULTS AND DISCUSSION

A. PERFORMANCE ANALYSIS WITH IMPULSIVE DISTURBANCE
In this section, the developed system model is tested on a Quad Core CPU 3.40GHz computer with 16GB RAM using Matlab/Simulink platform. In order to investigate the performance of the developed electric motorcycle model and its ability in disturbance rejection, impulsive disturbance signals of different amplitudes are applied to the system at VOLUME 7, 2019 TABLE 2. Performance of the E-MC system with applied impulsive disturbances.
FIGURE 5.
Step input with impulsive disturbance signal.
30 seconds and 70 seconds, and the system performance is monitored. Four different levels of disturbance are used as shown in Table 2 and the impulsive disturbance signals that are perturbed into the system is depicted in Figure 5 (using input disturbance with an amplitude of 3.60 as an example). The performance of the developed electric motorcycle model is monitored and observed. It is noted that the developed model is able to reject the disturbance and recover within a short time and achieve zero steady-state error. As can be seen in Figure 6 , the impulsive disturbance signal caused the system to fluctuate significantly when higher input disturbance perturbs the system. The system response settles within 14 seconds for the disturbance signal level of 3.60, which is 100% of the reference signal level. The settling times for the disturbance signal lower than 3.60 are significantly lower following the application of the disturbance, for instance, the system recovers within 8 seconds when input disturbance level is 30% of the reference signal. It also worth to note that the system can recover and achieved zero steady-state error despite being perturbed with multiple impulse disturbance in a single run. Therefore, through the impulsive disturbance analysis conducted, it proves that the developed model system can be applied for other analysis in this study including speed and range analyses.
B. ANALYSIS OF SPEED PROFILE TRACKING
In this section, the developed electric motorcycle model is tested for speed tracking analysis. Two different driving profiles are used to test the performance of the developed system namely WMTC Part 1 and NEDC Part 1 as described in Section IV. When the system is tested using WMTC Part 1 as the driving condition, it can precisely track the given speed profile. At the end of the cycle, the final battery voltage is recorded at 50.72 V while the state of charge (SOC) remains at 78.28% of the capacity as depicted in Figure 7 . The entire total distance covered using this driving condition is 4056.26 m with an average of 24.58 km/h of speed achieved by the developed model as compared to an average of 24.39 km/h for the driving cycle. Slight higher in average speed achieved by the model as it tries to follow the WMTC Part 1 driving profile as recorded in Figure 8 . In terms of RMSE, the developed system model can track the reference profile by an RMSE of 6.24. A further test is conducted using the NEDC Part 1 driving cycle to verify the performance of the system. The simulation of the system model is allowed to run until the end of the driving cycle. Based on the observation of the battery capacity at the end of the test, the voltage of the battery is recorded at 50.61 V and the SOC of the battery remains about 70.49%. Figure 9 depicts the remaining voltage of the battery and the SOC level under the NEDC Part 1 test. The total range covered under this driving test is 4.06 km with an average speed achieved during the complete trip is about 17.76 km/h. The average speed obtained by the model is lesser than the actual average speed of the NEDC Part 1 which is at an average speed of 18.70 km/h. Nevertheless, referring to Figure 10 , it shows that the developed electric motorcycle model is able to retrace the NEDC Part 1 profile with an RMSE of 5.99. The comparative evaluation of the speed profile tracking analysis is recorded in Table 3 for both driving profiles. Based on the test conducted using WMTC Part 1 and NEDC Part 1, it is apparent that the developed model can track and follow the speed profile of both the driving cycle. The simulation recorded the RMSE of 6.24 and 5.99 achieved for WMTC Part 1 and NEDC Part 1 respectively. At the end of the simulation, the remaining of 78.28% SOC is observed with WMTC Part 1 cycle while the remaining of 70.49% SOC detected with NEDC Part 1 cycle.
C. ANALYSIS OF RANGE COVERAGE ESTIMATION IN A SINGLE CHARGE
In this section, the developed system is tested for range coverage estimation in which the E-MC system model can travel for a single charge of nominal voltage 48 V (maximum voltage of 56 V ) and 60 Ah Lithium-ion battery. In this test, the WMTC Part 1 and NEDC Part 1 was repeated for several times to create the extended WMTC Part 1 and extended NEDC Part 1 profiles. The electric motorcycle model is allowed to run until the battery was discharged at 20% of the SOC before stopping the simulation. The SOC is limited to 20% condition as the precaution to avoid damaging the battery due to full battery discharge. When the system is simulated using the extended WMTC Part 1 as illustrated in Figure 11 , the distance of which the electric motorcycle can travel is about 14.74 km for a single charge. On the other hand, when tested using the extended NEDC Part 1 the range in which the electric motorcycle system can travel is around 10.50 km for a single charge and it is illustrated in Figure 12 . Table 4 
VI. CONCLUSIONS
This study aims to develop the electric motorcycle model that represents a realistic model of the motorcycle with both kinematics and dynamics of the motorcycle are incorporated in the model. First, the electric motorcycle model is developed using both kinematic and dynamic characteristic of the real motorcycle. The mathematical representation of the motorcycle is then applied as the motorcycle body equations. This motorcycle body representation together with the BLDC motor, battery and monitoring system serves as the complete electric motorcycle model. The developed system model is then tested for speed tracking and range travelled to evaluate the performance. Two different driving cycle which commonly applied in the commercial motorcycle evaluation test is applied as the driving profiles in the simulation namely the WMTC and NEDC profiles. The results show an evident ability for the developed model of the electric motorcycle to track the speed profile. It is also noted that the distance travelled by the developed model can be effectively determined. For the future works, this modeling serves a fundamental model for the development of an enhanced battery controller for the electric motorcycle application.
